This paper summarizes the state of 3D CFD based models of the time average flow field within axial flow multistage turbomachines. Emphasis is placed on models which are compatible with the industrial design environment and those models which offer the potential of providing credible results at both design and off-design operating conditions.
Introduction
The balance between model resolution and cost of model implementation can be illustrated with the aid of Fig. (1) . Apart from the empirical information required to model the physical and thermodynamic properties of a fluid, no other empirical information is required to solve the Navier-Stokes In the foreseeable future, it is highly unlikely that computers of sufficient power for use in solving the Navier-Stokes equations for a multistage turbomachinery configuration will be readily available.
Although mean-line models are very useful in preliminary aerodynamic design, they are insufficient for detailed aerodynamic blade design of advanced configurations. For these reasons, aerodynamicists have evolved models whose resolution lies between these two
extremes.
A number of these models are noted on Fig. (1) .
As of ten years ago the aerodynamic design of most axial flow multistage turbomachinery was executed using various axisymmetric flow models. The use of these models was iterative.
A design was executed based on the existing database.
Data obtained from tests of the fabricated hardware was used to update empirical correlations embedded within these models.
The updated axisymmetric flow model was then used to support the next design of the configuration. This boot-strap approach to the aerodynamic design of axial flow multistage turbomachinery resulted in some truly impressive machines as evidenced by the aerodynamic performance they achieved. However, because of strong economic forces the turbomachinery industry was forced to re-examine this iterative approach to aerodynamic design.
These economic forces mandated that industry reduce the time and cost of developing a turbomachinery component and, at the same time, required the design of machinery whose performance goals lay outside the then existing experience base. As a result, a strong need arose for developing a new methodology for executing the aerodynamic design of axial flow multistage tUrbomachinery.
The foundation of this new methodology required aerodynamic models whose resolution was greater than that of the axisymmettic flow models.
These models had to allow for overnight turnaround using computer resources compatible with the design environment.
Finally the models had to be capable of addressing the aerodynamic issues associated with the design of advanced configurations.
The objective of this paper is to review the development and application of 3D computational fluid dynamics (CFD) based models for use in the aerodynamic design of multistage axial flow turbomachinery. More specifically, this review discusses those models which offer the potential of providing credible results at both design and off-design operating conditions without recourse to aerodynamic matching information supplied implicitly or explicitly by existing aerodynamic design systems. The term aerodynamic matching refers to the matching of the inlet flow requirements of a stage to the outlet flow of upstream stages.
The paper is divided into four parts. The first part discusses the historical development of the models currently used in the design of multistage turbomachines. The second part of the paper deals with the issues associated with modeling the time-average flow within a typical passage of a blade row embedded in a multistage turbomachine. The third section presents results from numerical simulations of multistage axial flow compressors and turbines based on a three-dimensional flow model which attempts to account for the unsteady flow environment within these machines. The last section summarizes the results presented in the paper and suggests areas for future research. An appendix is ineluded in which a mathematical procedure is outlined for constructing the field equations governing the time average flow within a typical passage of a blade row embedded in an axial flow multistage turbomachine.
Historical Background
Historically in order to make any headway in analyzing multistage turbomachinery flows it was necessary to assume thai each blade row had an infinite number of blades. If the incoming and exiting flow is axisymmetric and independent of time, the assumption relating to blade count implies that the entire flow-field is axisymmetric. The resulting flow-field is in general three-dimensional, since the radial, tangential, and axial velocity components all exist. This axisymmetric flow representation is described by throughflow models. The individual blade rows axe represented by a force distribution (actuator duct model) and an energy source (for compressors) or energy sink (for turbines) distribution.
If the chord length of each blade row is allowed to vanish while the aerodynamic loading on the blade row is maintained, the blade row representation is that of an actuator disk. Across each disk, the tangential velocity component undergoes a finite change due to the tangential force generated by the blade row.
The axisymmetric flow-field is treated as a core region and two endwall regions. The effect of the endwall regions on the core region is, in part, accounted for by means of a flow blockage. It is assumed that the blade force acting on the core fluid can be obtained from cascade flow theory, Marble (1964) , while the force acting on the fluid within the endwaUs is based on empirical correlations, Smith (1969) ..
As of ten years ago the through-flow models were the mainstay of nero design systems for multistage axial flow turbo-mac:hines. Today their primary use is in i)rellminary design to g(:neratc blade shapes. An excellent review of the de-w_lf)l)ment of through-flow and cascade flow theory is given by Scrvoy (1981) . In addition, a thorough discussion of the underlying flow physics being accounted for in through-flow models is presented by Cumpsty (1989) .
It. was not until digital computers were easily accessible to turbomachinery flow modelers and the development of CFD that the through-flow models were replaced by quasi-three dimensional flow models. The quasi-threedimensional flow models numerically coupled an axisymmetric flow model to a cascade flow model. The formulation of these quasi-three-dimensional models was influenced by the work of Wu (1952 Jennions and Stow (1986) . Two more recent publications, Howard and Gailimore (1993) and Gallimore (1998) , are representative of the current state of the art of axisymmetric flow models.
The quasi-three-dimensional flow models were an advancement over the through-flow models. However, like the through-flow models, the quasi-three-dimensional models still required a sound estimate of the aerodynamic blockage for the predictions to match data. This limited a new design to regions of design parameter space which was still relatively close to that of a previous machine.
Without a good a priori estimate of the blockage associated with a design, aero designs executed using the quasi-threedimensional flow model fell short of their performance goals.
This led to rebuilds of machinery, a costly and time consuming process.
In Fig. (1) , these quasi-three-dimensional flow models are grouped together with the through-flow models under the label axisymmetric flow models. Because the axisymmetric flow models are of higher fidelity, they lie to the left of the mean-line models.
Within the last ten years there has been a Steady infusion of 3D CFD-based models into axial flow multistage turbomachinery design systems.
In part this has been due to the useful role these models have played in the analysis of isolated blade rows. The performance level of the fan rotor of the current generation high bypass ratio turbofan engine is directly tied to the advances made in the use of 3D CFDbased models to guide aero design.
The initial fan rotor geometry may be provided by a through-flow or a quasithree-dimensional system but the final shape of the rotor iS evolved exclusively using 3D CFD-based models. The rotor shape is tailored to control the interaction of shock waves with the blade surface boundary layers to avoid separation 3 and tO minirfi]_ ioss. In addition using these 3D CFD models one is able to resolve the tip clearance flow as well as the stator hub leakage flow, and establish their impact on aerodynamic performance. From this activity guidelines have been established for use in aerodynamic design, Khalid, et al. (1998) , Van Zante, et al. (1999) , Wellborn, et al. (1999) .
The 3D CFD-based models which were initially introduced into multistage axial flow turbomachinery design systems ignored the impact of the unsteady, deterministic flow which exists within axial flow multistage turbomachines.
The unsteady, deterministic flow is produced by the surrounding blade rows and its frequency content is linked to shaft rotational speed. These 3D models have two forms. Hall (1993) .
In using the mixing plane model in aerodynamic design the initial geometry is provided by a through-flow system. Generally information is also provided implicitly or explicitly detailing the aerodynamic matching of stages within a machine.
This information is provided by the through-flow system, Gallimore (1998), (1999 Theremaining portionof theaverage-passage stress and totalenthalpyfluxaccounts fortheeffect ofbladeindexing (i.e. the relativecircumferential placement of bladerows whichareon the sameshaft). It is throughtheseterms that the effect of circumferential placement of hot streaks entering a turbinebladerowandtheimpact ofindexing on bladelossareaccounted for.
The impactof the unsteady deterministic flowon the aerodynamic performance of anaxialflowmultistage turbomachine is the maintopic of this section.The terms whichaccount for this are the second expressions in Eqns.
(A9) and (A10):
and 
The subscript n denotes the nth rotor blade row of which there are N. The first term in Eqn.
(3) and (4) in the rotor frame of reference the unsteady flow field upon which the correlations would be based is that produced by a statorwith a rotoroneitherside.Similarly, theunsteady interaction with theupstream rotoris assumed to beindependent of theunsteady interaction with the downstream rotor.
In thestatorframeof reference the resulting contribution from the nLh rotor to the correlations Eqn.
(1) and (2) simplifies to:
and RI'p = p'ui_.) uj_.,
.tap
with ui(,_ defined as,
(5) is axisym-The time average of the first term in Eqn. metric as is the time average of the corresponding total enthalpy velocity product. A procedure for estimating either of these terms was presented by Adamczyk, et al. (1986) , and a generalization of the procedure is given by Kirtley and Turner (1999 as the transport of a rotor wake across a compressor stator passage and its subsequent pile-up on the stator pressure surface.
In the case of a turbine vane these correlations account for the pile-up of rotor wakes on the vane suction surface.
Soanwise redistribution of total enthalpy and momentum
In the next three sections the fluid mechanic processes which are described by the average-passage stress and total enthalpy flux are explored in more detail. The first term in Eqn. (6) formed from the product of the non axisymmetric portion of the average-passage velocity field and the non axisymmetrtc portion of the average-passage total enthalpy field accounts for the spanwise redistribution of the time average total temperature field shown in Fig. (2). To show this, consider the flow field downstream of the rotor which includes a stator. Assume that the flow is deterministic, adiabatic and inviscid, and that the fluid is a non-conducting ideal gas. The energy equation for this unsteady flow is:
where H is the absolute total enthalpy of the unsteady deterministic flow field, and _,p, and, p are the velocity, pressure and density of the unsteady deterministic flow field. 
where H has been replaced by the product of the specific heat at constant pressure, assumed to be a constant, and total temperature To. Equation (11) states that the mass-average total temperature of the unsteady deterministic flow field is conserved across the stator.
To and _ can both be decomposed into a time average component and an unsteady component:
:y' ---+u 
For an ideal gas with constant thermodynamic properties,.
the correlation on the right-hand side of Eqn. Fig. (2) differ because of the existence of the time average total temperature flux associated with the unsteady deterministic flow field and its spatial variation.
For the same reason the mass average total temperature profiles also differ.
To proceed further with this analysis assume the time average total temperature distribution entering the stator is that at Station 3 in Fig. (2). Figure (4) shows a snap shot at an instant in time of this total temperature field projected onto an axial plane. The figure shows that a fluid particle in the wake has a higher total temperature than a neighboring fluid particle in the core flow, this being the result of the wake fluid particle having taken longer to pass through the rotor. Figure  ( 4) also shows a sketch of the time history of this total temperature distribution along with the time history of the radial velocity at Station 3. Recall that Fig. (3) showed that the fluid particles in the rotor wake drifted radially relative to neighboring fluid particles in the core flow. With respect to the time history of total temperature sketched in Fig. (4) , the unsteady total temperature component, T_', may also be written as:
where To is the total temperature of the freestream fluid (assumed to be independent of time) and T0d is the excess of total temperature within the wake. Introducing Eqn.
(15) into the right hand side of Eqn. (14) In a similar fashion it may be shown that the correlations formed by the radial component of _i(._ and the vector _q.) . account for the spanwise redistribution of momentum with respect to the average-passage flow field attributed to the unst_a(ly deterministic flowstate. Asshownby AdkinsandSmith (1982), accounting for spanwise redistribution of total temperature andmomentumattributedto the unsteady deterministic flowstateis veryimportant in predicting theaerodynamic performance ofmultistage axialflowcompressors. Likewise Lewis(1993) showed that accounting forthe spanwise redistribution of total temperature and momentum attributedto the unsteady deterministic flowfieldis veryimportant in predicting the aerodynamic performance of axialflowmultistage turbines.
(_ircumferential redistribut.,_o.n, of total enthalpy and momentum A topic closely related to spanwise total temperature redistribution is circumferential total temperature redistribution. However, unlike spanwise redistribution no evidence has come forth which suggests that circumferential redistribution of total temperature (or equivalently total enthalpy) impacts aerodynamic performance.
What has been shown is that circumferential redistribution of total temperature leads to the formation of hot spots on the surface of a turbine blade which impacts turbine life. , et al. (1989) , showed that circumferential redistribution of an incoming time varying total temperature field can substantially increase the time average temperature of the pressure surface of a turbine rotor.
Butler
Based on their numerical simulations, temperature spikes of 50 K above a background temperature of 388 K would increase the time average temperature of the pressure surface of a turbine rotor by 38.8 K. Graham (1979) , stated that an increase in metal temperature of 16.6 K above design intent can reduce the life of a turbine rotor by a factor of two.
Thus even though the increase in pressure side temperature might appear to be small relative to the temperature of the incoming flow, it is large enough to significantly affect the life of a turbine rotor. , et al. (1992) referred to the circumferential redistribution process of converting an unsteady total temperature field into a time average total temperature field as total temperature segregation.
Sharma
The fluid mechanic processes involved with total temperature segregation were first explained by Kerrebrock and Mikolajczak (1970) with respect to high-speed compressors. They observed that the absolute total temperature in the wake of a compressor rotor was higher than that outside of the wake as shown in Fig. (4) . As the wake passed through the downstream stator, the wake particles drifted towards the stator pressure surface carrying with them an excess of total temperature. This redistribution of total temperature resulted in a circumferential variation in the time-average total temperature distribution exiting the stator. The total temperature was found to I76 higher adjacent to the pressure surface than it was near the suction side. In the case of a turbine, when the total temperature excess is the result of a hot streak formed in the rotor, the fluid particles within the hot streak drift toward the pressure surface of the downstream vane. The flow kinematics are shown in Fig. (5) . In the frame of reference of the rotor, the fluid particles in the hot streak have the same flow direction as those of the cold fluid particles in the freestream. However, the magnitude of the relative velocity of the fluid particles in the hot streak is less than that of cold fluid particles in the freestream. In With respect to a control volume (i.e. see Fig. (6)) located away from either endwall and adjacent to the pressure surface of a vane, whose boundaries are defined by the streamlines associated with the time-average flow, Eqn.
(16) may be rewritten as:
whose differential form is: in Fig. (6) , which is in the flow stream, the total temper-
This indicates a flow of total t.(,mperature into thecontrol volume. Thispositive flux increases the time-average total temperature alongthe pressure surface. Alongthesuction surface theflu×is negativewhichresultsin a reduction of thetime-average total tcmperature alongthesuction surface. As waspreviously stated,thereis no published data whichsuggests that total temperature segregation impacts aerodynamic performance. Therefore introducing models to account for totaltemperature segregation in simulations wherethe objectiveis estimates of aerodynamic performance is deemed unnecessary. If theobjective of thesimulationis an assessment of theimpactof total temperature segregation onturbinebladesurface temperature, thereappearsto be a needfor inclusion of models whichaccount for total temperature segregation in thesimulation. Howeverthisisnot necessary because it is possible to construct credible estimates of thesegregated total temperature field from average-passage simulations which are devoid of the flow physics associated with segregation as part of a post processing procedure. This post processing procedure en- to the wake recovery process.
A simple example which illustrates the fluid mechanics associated with the wake recovery process was given by
Smith (1966) and is repeated here. Figure (9) shows a wake entering and exiting a compressor and turbine blade row.
The flow field is assumed to be inviscid, two-dimensionaI and incompressible. The flow state is deterministic. Evaluating the circulation, F, around a circuit whose boundary lies along the centerline of the wake and its edge yields:
where l is the length of the wake filaments bounded by the two stagnation stream lines and vd is the velocity deficit of the wake, Fig. (9) . According to Kelvin's theorem, Batchelor (1967) , the circulation associated with the incoming wake must remain constant as the wake convects through the cascade.
Hence the wake circulation at the inlet to the cascade is equal to that at the exit. This equality yields the following expression for the ratio of the velocity deficit of the wake at the exit of the cascade to that at the inlet:
If the length of a wake segment is increased as it passes through the cascade, as illustrated in the case of a compressor cascade, its velocity deficit is reduced, leading to a reduction in the wake mixing loss. If the length of a wake segment is reduced, as it is in the turbine illustration, its velocity deficit is increased, enhancing the wake mixing loss.
This simple example by Smith (1966) based on kinematic arguments illustrates the recovery process in both compressors and turbines. Valkov and Tan (1993) and Deregel and Tan (1996) 11
where X is the loss coefficient at the inlet and exit to the cascade, respectively.
Kinlet is the flux in kinetic energy of the incoming unsteady flow, and Kezit iS the flux in kinetic energy of the exiting unsteady flow.
Whether the wake mixing loss is reduced by having the wake pass through a cascade prior to being mixed-out is dependent on the reduction of the kinetic energy associated with the unsteady deterministic velocity field across a blade row. This kinetic energy is equal to one half the sum of the diagonal components (i.e. the trace) of the average-passage stress associated with the unsteady deterministic flow field.
The sum of the diagonal components of the average-passage stress associated with the unsteady deterministic flow field is a measure of the magnitude of the velocity field associated with this flow field.
The link between the recovery process and the compo- 
where L is the pitch of the cascade. The details can be found in Adamczyk (1996) .
The integral on the right hand side of Eqn. (22) controls the growth of the wake deficit as it passes through the cascade. This growth is the result of the wake being strained by the time average velocity field within the cascade. If this.
integral is positive, the wake deficit is reduced and there is a transfer of energy from the unsteady deterministic flow field tcJtile average-passage flowfield. A reduction in thewake deficith_'ads to a reduction in the wake mixingloss.If this intcgr;tl is negative, energy is transferred fromtheaveragep,_ssage flowfieldto tile unsteady deterministic flowfield. Thistransfcr ofenergy increases thewake deficitleading to anincrease in wakemixingloss. Adamczyk (1996) notedthat in manyeases the transferof energy fromthe unsteady deterministic flowfieldto the average-passage flow field is oppositeto that which occursbetween the nondeterministic flowfield(turbulent flowstate)andtheaverage-passage flowfield.Fora turbulentflow,energy flowsfromthemeanflowto theunsteady chaotic flow associated with turbulence wherethe energy cascades downtofinescale eddies andis dissipated, resultingin anincrease in theinternal energy (i.e.temperature) of the meanflow. Thecommon practiceof usinga gradientdiffusion model with a positive diffusion coefficient (i.e. positive eddyviscosity) to model this energy transfer process iswell justified.However, theuseofagradient diffusion model toaccount forwake recovery maybequestionable. In thecase of wake recovery in compressors, the energy associated with the unsteady deterministic flow field of the wakes is reduced by the strain imposed on the wakes as they con- For a turbine van de Wall (1999) found that recovery has a detrimental impact on performance.
For an inviscid flow van de Wall (1999) showed that the velocity deficit within a stator wake increased as it passed through the downstream rotor. Viscosity was found to limit the growth of the velocity deficit, but because this process is non-reversible, it leads to an increase in the loss of total pressure across the blade row through which the wake is passing. The more the wake decays prior to entering the downstream blade row, the less the loss in total pressure across the blade row through which the wake is passing.
The recovery process can also lead to an increase in the presmlre rise across a compressor blade row, and to a reduction in the pressure drop across a turbine blade row. The mathematical details are given in Appendix B. According to Eqn. (Bll) the pressure rise coefficient C_ a resulting from an unsteady incoming vortical flow is: 
while that attributed to the unsteady flow (i.e. C_ 2) = C_ _ -Cp(°)) is approximately: (1998) and less than that given by the current analysis.
In the above example had the compressor cascade turned the flow to axial, which would imply a flow turning of 460
(a value representative of advanced designs) the increase in pressure rise as estimated by Eqn (Bll) would be:
For this cascade the pressure rise produced by the steady flow according to Eqn. (Bll) is approximately:
For a wake deficit of 25% of the incoming flow, the increase in pressure rise is 1.25% of that produced by the steady flow. If the pressure rise increase were equally split between a rotor and stator, the increase in stage pressure would be 2.5%, a number which is not all that insignificant. One may view this number as an upper bound whose value is reduced because of viscosity. The magnitude of the impact of viscosity on the wake recovery processes is not clear.
The significance
of the recovery process on aerodynamic performance depends on the design parameters of a machine.
As the aerodynamic loading of blade rows is increased in an attempt to design machinery with fewer parts and of reduced weight, the blade wakes will deepen and the recovery process will have to be accounted for. Recovery is also more important at off-design conditions, where large regions of flow separation generate large velocity deficits.
Blade Indexin_
This section is concluded with a brief discussion of the components of the average-passage stress and the averagepassage enthalpy flux that is associated with the blade rows which are in the same spatial frame of reference. They are the last terms in Eqn. (A9) and (A10). These components of the average-passage stress and the average-passage enthalpy flux account for the effect of circumferential spatial distortions with length scales unrelated to the pitch of the blade row of interest.
These components account for performance changes brought about by circumferential indexing or clocking of blades which ar_e in the same reference frame.
The experimental findings of Barankiewicz and Hathaway (1997) suggest that the effect of indexing in axial flow compressors is small and therefore need not be addressed. However for turbines, the work of Ardnt (1991) and Sharma, et al. (1997) shows that there are performance gains to be had through the indexing of blade rows. At the flowcoefficient of 0.395 (which is near the measured peak efficiency operating point) and at the flow coefficient of 0.375, the simulation resultsare in good agreement with the measurement. An attempt to simulate an operating conditionnear peak pressure failedto converge.
The simulation did not account for casing treatment over .
the firstrotor Which is present in the experiment. Tests with the casing treatment removed show that the compres-sot stalls at. a flow coefficient near the peak pressure point of tim characteristic. Figure (11 
. In simulating this compressor, all known leakage and bleed flows were accounted for. The first set of results, Fig. (14) , shows the total temperature and total pressure at the exit of each rotor as predicted by APNASA relative to that predicted by a refined quasi-three-dimensional flow code, CAFMIX II, developed by Smith (i999). The results are presented in terms of a relative difference between the APNASA predictions and those of CAFMIX II.
The leakage and bleed flows are the same in both simulations. The simulated operating point of the compressor is near its design point. Figure  (14) shows that the results from both models are in good agreement with each other throughout the compressor. The maximum difference in total temperature is less than .8%, and the difference in total pressure is less than 4%. Figure  (15 Fig. (16) (17) shows the spanwise distribution of the flow angle exiting the third stage rotor, the third stage stator, the sixth stage rotor, and the sixth stage stator as predicted by both codes.
The agreement between the two predictions is good, but there are differences. The sensitivity of total pressure rise or total temperature rise to changes in flow blockage or exit flow angle for this compressor is unknown to the author.
Whether the difference in the predicted exit flows seen in Fig. (17) compensates for the difference in estimated flow blockage seen in Fig. (16) is unknown.
The results presented in Figs. (16) and (17) A series of simulations were also performed to ascertain APNASA's ability to compute the impact of throttling on compressor performance. The wheel speed for these simulations corresponds to that used in the previous simulations.
Figure
(21) shows the percent difference in total pressure ratio of individual stages relative to their predicted total pressure ratio at the operating line (i.e., simulation results used to generate the results in Fig.  (18) ). The pressure ratio being defined from stator leading edge to rotor trailing edge. For the tenth stage the pressure ratio is from the leading edge of the ninth stage stator to compressor discharge.
A series of simulations were executed for increasing back pressure until the code failed to converge. The highest total pressure ratio for which a converged solution was obtained is less than the total pressure ratio at which the compressor stalled.
The first case labeled Case 1 is for a back pressure slightly greater than the value corresponding to Fig. (18 Fig. (22) . The experimental results were obtained from stator leading edge instrumentation. For the first stage, the total pressure ratio as well as the total temperature ratio is from the inlet to the exit of the first stage rotor. For stage two, the pressure ratio as well as the total temperature ratio is from the inlet of the first stage stator to the exit of the second stage rotor. For the third stage, the total pressure ratio as well as the total temperature ra- At 90% of span, the total pressure profiles differ by less than 3%. The total temperature profiles are also in good agreement.
The difference between the two total temperature profiles at midspan is less than 1.0%. It is encouraging to see that the simulation shows nearly the same rise in total temperature as the experiment outboard of 70% of span. Figure (24) shows the pressure ratio and the total temperature ratio at the exit of the third stage rotor as a function of span.
The pressure ratio associated with the two simulations brackets the experimental pressure ratio. The shape of the total pressure profiles are in reasonable agreement with each other.
At midspan, the two simulations differ by less than 5%, while the experimental value differs from either simulation result by less than 3%.
The shape of the total temperature profiles shown in Fig. (24) are also ia reasonable agreement with each other.
However, the spanwise average total temperature from the two simulations is less than that deduced from the experiment. The relative difference between the experiment and simulation point 1 is approximately 1.3%.
The agreement between data and simulation was judged to be sufficient for the purposes of using APNASA to guide the aerodynamic design of this multistage axial flow compressor, Mansour (1999) . The details of the simulations are given in Turner, et al. (1999) . Figure  (25 • Circumferential transport of wake fluid particles.
High Speed
• The straining of wakes.
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Circumferential redistribution of momentum also involves the interaction between a blade and incoming wakes and blade boundary layers. The impact of incoming wakes interacting with turbulent blade boundary layers on aerodynamic performance is not clear. There appears to be an indication that the interaction of compressor rotor tip clearance flows with a downstream stator leads to increased loss.
However, when the interaction involves a transitional blade boundary layer, evidence exists that aerodynamic performance is impacted. This subject will be addressed later in this section.
Next on the chart is the straining of wakes as they convect through a blade row. This straining process leads to wake recovery. Wake recovery results in the transfer of energy by a reversible flow process between the unsteady flow generated by wakes and the time average flow field. Wake recovery was shown to impact the mixing loss of wakes as they pass through a downstream blade row. With respect to an axial flow compressor, the mixing loss attributed to 2D wakes is significantly reduced by the wake recovery process. For an axial flow turbine, the mixing loss attributed to 2D wakes is increased by the wake recovery process. Thus, there is a performance benefit to be gained in axial flow compressors by having blade rows closely spaced, while the opposite is true for axial flow turbines.
It was shown that the wake recovery process also impacted the pressure rise across the blade row through which .
the wakes are passing. The pressure rise was linked to flow blockage defined in terms of an energy recovery thickness.
Sample results for anaxialflowcompressor stiowe(l that as timdepthof wakes becomes largethe pressure riseassociatedwith therecovery process needs to beaccounted for. Models whichattempttoaccount fortheunsteady flow processes summarized abovewereusedin generating the resultspresented in the Ezamples section. Smith (1996) speculated that if the region of high total pressure were to flow over the suction surface of the downstream stator a performance benefit would be realized.
Smith (1996) Information such as this is not very useful in sorting out issues as complex as those involved in the fluid mechanics of multistage turbomachinery.
As computers become more powerful and the resolution capabilities of instrumentation improves, there is no doubt that many of the issues delineated in this section will be resolved.
In addition, many new issues will appear that, at the present time, are unknown. One thing is certain, the modeling of multistage turbomachinery flow will remain a challenge for the foreseeable future and economic forces will continue to push the development of improved flow models for the purpose of supporting aerodynamic design.
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As shown in Fig. (1) the Reynolds-averaged flow model has less fidelity than the Navier-Stokes equations.
For the purpose of the present work, the Reynolds-averaged flow description of the deterministic flow field is time dependent.
To construct a time-average representation of the flow field within a multistage turbomachine requires the use of a time-average filtering operation. Two time-average flow fields can be defined: one with respect to the rotor frame of reference; and the other with respect to the stator or fixed frame of reference.
For the stator frame of reference the time-average filter is defined by the following integral
where Ha is a gate function whose value is one at an instant in time, t, when the axial position, z, the tangential The time-average flow model is also shown in Fig. (1) , and because it is of lower fidelity for a multistage turboma- _---_()P,rpa, Va,U_,) + _---_(_",paPWa,U"P)+ O'_"P(rP "pU"pU"p + P"P) = _--_r_"P(rr"_ -Rrz)
where h ap is the product of A and A, pap is the pressure, pap the density, U ap, V ap and W ap the velocity components in the axial, radial and tangential direction respectively, and In deriving Eqn.
(A7) the following decomposition for the velocity field was used:
wheredenotes a density weighted average, and the subscript i (i.e. index notation) refers, respectively, to the axial, tangential and radial direction.
Equation (A7) also contains the axial component of a generalized Reynolds stress, P_j, which will be referred to as the average-passage stress.
It is defined as:
._t "ap --ap ap , ,  __ ,, ,,-t + _-_t ,,, ,, , The development of these models is the closure problem associated with the average-passage equation system. The degree to which the closure models need to be developed is dependent upon the level of accuracy to which the averagepassage flow field is to be predicted.
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Appendix B
Pressure Rise Resulting From Wake Recovery
The wake recovery process can impact the pressure rise across a cascade of airfoils.
To show this consider the passage of two-dimensional wakes through a cascade of airfoiIs as shown in Fig. (9) • The working fluid is assumed to be incompressible and inviscid. The flow field is assumed to be deterministic.
The 
where P0 is the total pressure, u the axial velocity component.
The total pressure is related to the pressure and the dynamic head by Bernoulli's equation: Consider next a steady flow through a cascade in which the blockage at the inlet is 51-oo and that at the exit is 51¢¢, Fig. (28) . Within the core flow, the total pressure is uniform, hence 
The pressure rise produced by this steady flow across the cascade is, The link between tile flowblockage attributedto thc unstcadyflowandtheportionof the average-passage stress associated with the unsteadydeterministic flow field is throughthe expression for the recovery energy thickness, Eqn. (B10). To establish this relationship, it is assumed that the pressure andvelocityfieldcanbeexpanded in a perturbation series of theform
The lowest order term in Eqns. (B18) and (B19) is associated with a steady potential flow. The first order pressure term is also associated with a potential flow field and thus vanishes far upstream and downstream of the cascade.
The time-average of the first order term in Eqns. (B18) and (B19) Fig. 14a . Comparison of total temperature as predicted by 14b. of total predicted by AP-APNASA and CAFMIX II for the 10-stage GE90 compres-_',s. ,_om_ar,son pressure as NASA and CAFMIX II for the 10-stage GE90 compressor. 
